In November, 2014, the underwater acoustic (UWA) communication experiment by a single-vector sensor was conducted in shallow water environment. In this paper, three different algorithms are used to process the experimental data and their performance are compared in terms of equalized output signal to noise ratio (OSNR) and bit error rate (BER). e three algorithms are P-DFE, B-DFE, and T-DFE, respectively. P-DFE uses only the pressure channel of the vector sensor to realize the decision feedback equalizer (DFE). B-DFE linearly combines the pressure channel and velocity channel first and then uses DFE to equalize the combined signal. T-DFE adopts time reversal to combine all the channels of the vector sensor and then is followed by a single-channel DFE to remove residual intersymbol interference (ISI). According to the data processing results, both B-DFE and T-DFE can achieve better performance compared with P-DFE. is paper also finds that the performance of B-DFE depends on the beam pattern of the combined signal while the performance of T-DFE depends on the q function of the combined signal. Which algorithm should be used to process real data, B-DFE or T-DFE, depends on the degree of coherence between different channels of the vector sensor.
Introduction
UWA channels are characterized by large multipath spreads, rapidly time varying both in time and frequency domains, limited bandwidth, strong noise interference, and severe Doppler spreads which make them to be one of the most challenging environments in which to achieve robust communication [1] . In order to deal with the significant multipath and fast channel fluctuations, many approaches have been put forward among which the most commonly used are time reversal (TR) [2] and multichannel decision feedback equalizer (M-DFE) [3] .
TR or phase conjugation is a physics-based approach to suppress multipath, and it can be generally divided into active TR and passive TR. TR, either active or passive, exploits spatial diversity to achieve spatial and temporal focusing in rich multipath environments. Temporal focusing (pulse compression) mitigates ISI. M-DFE is a signal processing-based approach to suppress multipath, and it can adaptively adjust the coefficients of the feedforward filter and feedback filter based on a different optimization criterion such as least mean squares (LMS) and recursive least squares (RLS) to dynamically match the CIR. Besides, M-DFE is usually embedded with a second-order phase lock loop (PLL) to tack the phase changes induced by channels. More details about TR and M-DFE can be found in [4, 5] and [6, 7] , respectively. TR or M-DFE, a vertical array with a lot of spatially separated hydrophones, is usually used to achieve acceptable communication performance. But in practical operation, it is almost impossible to deploy a large aperture array to underwater platforms such as AUVs. Moreover, smaller array size is always preferred in underwater missions because it is easier to operate.
Although UWA communication has been intensively investigated in the past years, existing works mainly focus on pressure sensor array, and only very limited research on the vector sensors is available. Acoustic vector sensors are capable of measuring three orthogonal particle velocity channels of the acoustic field, in addition to the scalar acoustic pressure, at a collocated point in space [8] . e waveforms of the pressure channel and velocity channel are demonstrated to have the same phase and totally coherent in theory provided that the source is in the far field [9] , so one can do beamforming for vector sensor signals to suppress isotropic noise interference and improve the SNR of the received signal. Since the end of the last decade, the vector sensor has been widely used in many aspects of underwater missions such as underwater targets detection, direction of arrival (DOA) estimation, and underwater noise measurement [10] [11] [12] . Recently, the vector sensor began to be used in UWA communication. In UWA communications, different channels of vector sensors are always regarded as independent channels, so some spatial diversity-based equalizers have been used in vector sensor communication. It has been proposed in [13] that a single vector can serve as a multichannel receiver for UWA communication, and experimental results show that a single vector sensor can provide similar gain compared with a fourelement pressure sensor array. e same concluding can also be found in [14] which verifies that the single vector sensor has the same performance with the pressure sensor array at long communication range.
In this paper, we will use different algorithms to process the experimental data and compare their performance in terms of OSNR and BER. e three algorithms are P-DFE, B-DFE, and T-DFE, respectively. P-DFE uses only the pressure channel to realize the decision feedback equalizer while B-DFE linearly combines the pressure channel and velocity channel first (beamforming) and then uses DFE to equalize the combined signal. T-DFE adopts TR to fuse all the channels of the vector sensor and then is followed by a singlechannel DFE to remove residual ISI. P-DFE is very easy for readers to understand, so it will not be described in this paper. e paper is organized as follows. ree different algorithms for UWA communication by vector sensors are introduced in Section 2. Experimental setup and CIRs are presented in Section 3. Data processing results are provided in Section 4, and concluding remarks are given in Section 5.
Different Algorithms for UWA Communication by Vector Sensors

B-DFE by the Vector Sensor.
In this section, we suppose a plane wave propagation condition; i.e., the pressure, and the velocity channel of the acoustic field satisfy the acoustic Ohm's law [9] , and their waveforms are totally coherent. e ratio of pressure and velocity channel equals to acoustic impedance of the medium, namely, ρc, where ρ is the density of the medium and c is the acoustic speed. Denote
T as the different channels of the vector sensor, where p(t) is the pressure channel and v x (t), v y (t), and v z (t) are three orthogonal velocity channels. In this paper, we consider a two-dimensional vector sensor, and then the received signals can be described as
where θ is the horizontal azimuth of the acoustic arrivals and θ ∈ [0, 2π]. Dipole directivity of the vector sensors can be electronic rotated. When talking about signal-processing problems, acoustic impedance in Formula (1) can be neglected. Velocity channels of the vector sensor have wideband directivity in the shape of "8" which is independent of signal frequency. Furthermore, this directivity can be rotated when it linearly combines with the two velocity channels v x (t) and v y (t) together. In this paper, we donate v c (t) and v s (t) as
where φ is the guide bearing. e directivity of v c (t) and v s (t) will change as the guide bearing φ changes. Besides, when combining the pressure channel and velocity channels together, the vector sensor can have multiple directivities. When source bearing is 0, Figure 1 shows the directivity of p(t) + v c (t) and p(t) + v s (t). It can be seen that the maximum value of p(t) + v c (t) points to the source bearing, while the zero value points to the opposite direction of the source. e directivity of p(t) + v s (t) can be got when the directivity of p(t) + v c (t) is rotated clockwise by ninety degree.
From the above analysis, one may find that in order to make the directivity of the vector sensor point to the source, we should know the source bearing. So source bearing estimation is very important in vector sensor signal processing. In this paper, acoustic intensity average (AIA) is adopted to estimate source bearing. Consider a more practical model, and the received signal of the vector sensor can be written as
where η p (t), η v x (t), and η v y (t) are received noise interference, and they are independent with x(t). According to Formula (3), the block diagram of AIA is shown in Figure 2 . e outputs of AIA can be written as
where the line above characters mean time average. As η p (t), η v x (t), and η v y (t) are independent with x(t), the last three terms of Formula (4) and Formula (5) can be regarded as small interference. So Formula (4) and Formula (5) can be rewritten as
en, we can estimate the source bearing by
Besides the source-bearing estimation, it will be necessary to discuss the processing gain of the linear combination (i.e., p + a · v c ) of p(t) and v c (t) here. In fact, researchers have done a lot of work on this. Suppose signal power and noise power in p(t) are σ (1 + a)
e SNR will reach a maximum value when a 2. Based on the above analysis, we can get the block diagram of B-DFE as shown in Figure 3 . e data processing procedures may be generally divided into three steps: rst, estimate the source bearing by AIA; second, linearly combine the pressure channel and velocity channels of the vector sensor; and third, DFE is then used to equalize the combined signal.
T-DFE by the Vector Sensor.
e theory of TR has been widely introduced in many literatures, and we will not address again here. Figure 4 shows the block diagram of T-DFE by the vector sensor. Pressure channel and velocity channels are regarded as independent channels, and they are combined by TR. So the combined signal can be written as
In Equation (9), " †" denotes the conjugate operation and 0 < l ≤ L − 1, where L is the discrete CIR length. e rst term on the right side is the desired signal, and q(n, l) can be 
. e source bearing is 0. 
Shock and Vibration
regarded as the effective channel from the source to the vector sensor, which can be defined as
Experimental Setup and CIRs
e experiment was conducted at Songhua River with a water depth of about 7 meters in November 2014. Singlecarrier communication sequences are modulated using QPSK.
e transmitted waveform is pulse shaped using a raised-cosine filter with a roll-off factor 0.7. e center frequency is 12 kHz, the symbol rate is 2 k symbols/s, and all signals are sampled at 96 kHz. 26000 bits data were transmitted during this experiment, and the first 1000 bits were used as training (N T � 500). A transducer with the bandwidth from 8 kHz to 20 kHz was used as the source and deployed to 1.5 m water depth. A vector sensor, 1000 m away from the source, was deployed off the receiving boat which was always moored during this experiment. Note that the vector sensor was rigidly connected to the receiving boat through a steel pipe whose diameter was about 10 cm.
During the experiment, the vector sensor was orderly deployed to two depths (2.5 m and 1.5 m), and the interval between adjacent depths is 1 m. e same modulated signal was transmitted at every depth, so we can get two data sets denoted as "VS01" and "VS02." e measured CIRs for VS01 and VS02 are shown in Figures 5 and 6 , respectively. One finds from these two figures that, the CIRS (no matter pressure channel or velocity channel) have very stable arrival structures over a time of 6 s for the two data sets. Besides, the structures of multipath are also very simple. ere is only one dominant arrival for VS01 and two dominant arrivals for VS02. One can also notice from Figures 5(d) and 6(d) that the temporal coherence of CIRs is very high and channel coherence time is much longer than the packet length for these data.
Experimental Results
In this section, we will use three different algorithms, namely, P-DFE, B-DFE, and T-DFE, to process the experimental data. Figures 7 and 8 show the symbol-constellation plots for VS01 and VS02, respectively. In this paper, OSNR and BER are used as criterions to compare the performance of these three algorithms, and OSNR can be calculated by
where x(n) is the average of the transmitted symbols and d(n) is the equalized symbols. e statistical OSNR and BER for the two data sets are shown in Table 1 . According to the equalized symbol-constellation plots and statistical processing results, one can get the following conclusions: (1) acceptable performance can be achieved using only the pressure channels of the vector sensor in this experiment due to the relatively stable CIR and small multipath spread which is very easy to equalize for DFE; (2) both B-DFE and T-DFE outperform P-DFE which means that the vector sensor has better performance compared with the conventional pressure sensor; (3) compared with P-DFE, B-DFE achieves 1.26 dB and 1.79 dB gain, and T-DFE achieves 2.45 dB and 1.73 dB for VS01 and VS02, respectively. According to Table 1 , one can also find that when processing the experimental data by B-DFE, the gain for VS02 is higher than the gain for VS01. is result can be Sourcebearing estimation
Combina tion
Vector signal processing Decision feedback equalizer (DFE) Figure 3 : e block diagram of B-DFE. Figure 4 : e block diagram of T-DFE. 4 Shock and Vibration explained by beam patterns which are shown in Figure 9 . e beam pattern for VS02 has narrower beam width which means that it has a better ability to suppress noise interference. e beam pattern for VS01 has wider beam width which means that it has a worse ability to suppress noise interference.
When processing the experimental data by T-DFE, one nds that the decoding result for VS01 is better than the decoding result for VS02 which is very di erent from the experiment results when processing by B-DFE. is phenomenon can be explained in terms of q function of the vector sensor which is described by Formula (10).
e q functions estimated from experimental data are shown in Figure 10 . It can be seen that the q function for VS01 has lower side lobes and the main-to-side lobe ratio is about 10.7 dB, which means it has a better ability to suppress ISI. e q function for VS02 has higher side lobes, and the mainto-side lobe ratio is only about 4.0 dB, which means it has a weaker ability to suppress ISI. Usually, the quality of q function depends on the degree of incoherence and the number of channels. For a vector sensor, if the channels of the vector sensor are incoherent, the quality of q function will be good, so T-DFE can achieve better performance but B-DFE will not perform well. Inversely, if the channels of the Shock and Vibrationvector sensor are highly coherent, the beam pattern will be good, so B-DFE can achieve better performance, but T-DFE will not perform well. Besides, Table 1 shows that the OSNR of B-DFE is better than T-DFE, but the BER is opposed in VS02. ese results from the OSNR are calculated by using the equalized symbols. In the B-DFE processing method, the constellation map is more aggregated, but there are multiple symbol decoding errors. And in the T-DFE processing method, the constellation diagram is relatively divergent, but there are fewer symbol decoding errors. Normally, the communication system has high OSNR with small BER.
Conclusions
ree different algorithms are adopted to process experimental data in this paper, and their performances are presented in terms of OSNR and BER. According to the data processing results, vector sensors always outperform the conventional pressure sensor which suggests that a smallscale vector sensor array can be used as an alternative to the pressure sensor array with large aperture for some compact underwater platforms such as AUVs. B-DFE and T-DFE both can achieve good performance in vector sensor signal processing. But which one can achieve the best performance, B-DFE or T-DFE, depends on the channel characteristics of the received signal.
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